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近，新型 γ’析出相强化型 Co 基合金的发现在全世界掀起了开发新型钴基高温













究 (第三章)；过渡族元素对 Co3Al 相的结构稳定性和弹性性质的影响 (第四
章)；Co基高温合金三元系中 γ’相的高温弹性力学性质与电子结构的研究 (第五
章)；Ta, Ni掺杂对 γ’-Co3(Al, W)的结构稳定性和力学性能的影响 (第六章)。 
利用基于密度泛函理论的第一性原理方法，首先系统研究了 Cu3Au 和


















结合第一性原理计算方法和应力-应变方法，研究了过渡族元素 X (X: Nb, 
Mn, Fe, Ni, Ir, Re, Mn, Mo, Cr, Hf, Ru, Rh, Zr, Y, Sc, Ti, V, Ta, W, Tc, Os, Pd, Pt) 
的添加对 L12有序的亚稳相 Co3Al 的结构稳定性和弹性性质的影响规律，并解
释其影响的微观机理。研究结果发现：W、Ti、Re、V 和 Ta 原子倾向占据
Co3Al 化合物中的 Al 位；Pd、Pt、Rh、Ni、Ir、Fe 和 Ru 原子倾向占据 Co3Al
化合物中的 Co位；Mn、Sc、Y、Hf、Zr、Os、 Cr、Mo、Tc和 Nb原子可以同
时占据 Co3Al化合物的 Al位和 Co位。过渡族元素的添加对 Co3Al相的弹性力
学性质的影响作用，与元素 X 在其微观结构中的价电子分布的形状和大小有着
密切的关系。 
结合第一性原理计算和准简谐近似模型，研究了新型 Co 基高温合金中 γ’-
Co3(M, W) (M: Al, Ge, Ga) 相的高温弹性力学性质和热力学性质。研究结果表
明：γ’-Co3(M, W)相的高温力学性质主要依靠其微观结构中 Co-W化学键的强烈
相互作用来维持。随温度的逐渐提高，Co3(Ge, W)相的力学性能的下降幅度远
远超过 Co3(Al, W)和 Co3(Ga, W)相。Co3(Ge, W)相的力学性能在高温时急剧的下
降主要是由于 Co-Ge键合间的杂化作用在温度作用下的显著弱化所导致的。 




中，γ’-Co3(Al, W)相中 Co-W化学键起到了维持 γ’相的力学性能的作用。微量元
素对 γ’-Co3(Al, W)的力学性能的强化作用主要是通过掺杂原子与 γ’相的原子结



















New development in the operating temperature of turbine blades of aeroengine 
are desired for the new generation of ultra-efficient power generation systems, due to 
the rapidly growing of national defense science and technology. The maximum 
service temperature of conventional Ni-base superalloys which is restricted by the 
melting point of Ni can no longer meet this demand. The next classes of superalloys 
are continually being sought by researchers and manufacturers around for the world. 
Recently, the discovery of novel γ’-strengthened Co-base alloys has attracted 
extensive interest. Similar to γ’-Ni3Al, γ’ precipitates play a critical role in the novel 
Co-base superalloys. The relationship between structural stability, mechanical 
properties and temperatures for γ’ phase could directly determine the performance of 
Co-base alloys under high operating conditions. Employing first-principle methods, 
theoretical study the structural stability, high-temperature mechanical and 
thermodynamic properties of metastable γ’ phase will be beneficial for the design and 
development of Co-base supearlloys. 
In this dissertation, the structural stability, mechanical and thermodynamic 
properties of γ’ phase will be studied based on the density functional theory. The 
effect mechanism of temperature and stress on the performance of γ’ phase will be 
discussed. Comparing the the stability and elastic properties of γ’ phase containing 
different alloying elements, the influence rules of alloying elements in γ’ phase will 
be indicated. The contents in this dissertation can be divided into to four parts: i) the 
electronic structure, elastic and thermodynamic properties of γ’ phase in Co-X binary 
system are studied in chapter 3; ii) the alloying effects of translate metals on the 
stability and elastic properties are discussed in chapter 4; iii) the relationship between 
the electronic microstructure and high-temperature properties for γ’ phase in the novel 
Co-base ternary system is presented in chapter 5; iv) the influences of Ta and Ni 
doping on the stability and mechanical behavior of γ’-Co3(Al, W) phase are unraveled 
in chapter 6. 
Based on the density functional theory, the structural stability, electronic 
microstructure, elastic and thermodynamic properties of Co3X (X: Ti, Ta, Al, W, V) 















The results indicate that the stability of Co3X compounds is close related to the 
hybridization near the Fermi levels of electronic structure. The values of elastic 
parameters for Co3X compounds are not only related to the melting point of X, but 
also related to their phase stability. 
Combining with stress-strain methods, the influence rule and mechanism of 
alloying elements X (X: Nb, Mn, Fe, Ni, Ir, Re, Mn, Mo, Cr, Hf, Ru, Rh, Zr, Y, Sc, Ti, 
V, Ta, W, Tc, Os, Pd, Pt) on the stability and elastic properties of metastable L12-
Co3Al phase are discussed. W, Ti, Re, V and Ta prefer to occupy the Al sites of Co3Al 
phase; Pd, Pt, Rh, Ni, Ir, Fe and Ru prefer to occupy the Co sites of Co3Al phase; Mn, 
Sc, Y, Hf, Zr, Os,  Cr, Mo, Tc and Nb prefer to occupy both Co and Al sites of Co3Al 
phase. It is found that the effect mechanism of alloying elements X on elastic 
properties of Co3Al phase is close related to the valence distributions of X and its 
shape of valence charge in microstructure. 
Combining with quasi-harmonic approximations, the mechanical and 
thermodynamic properties as a function of temperatures for γ’-Co3(M, W) (M: Al, Ge, 
Ga) precipitates in the novel Co-base superalloys are reported. It is indicated that the 
high-temperature properties of γ’ precipitates mainly rely on the strongly 
hybridization of Co-W bonds in the microstructure. The high-temperature resistance 
properties of Co3(Ge, W) phase is inferior to the other two phases. The sharp decrease 
in the mechanical properties is attributed to the weakening of Co-Ge bonds at high 
temperatures for Co3(Ge, W). 
Based on the density functional theory, the alloying effects of Ta and Ni on the 
site preference, stability, magnetic properties and mechanical behavior of γ’-Co3(Al, 
W) precipitates in Co-base superalloys are investigated. It is found that the achievable 
mechanical properties of Co3(Al, W) is restricted to the valence charge depletion of 
Co-Al bonds rather than Co-W bonds softening. The mechanical strengthening effect 
by alloying elements additions could be attributed to the presence of ring-like 
chemical bonds amongst Co, W and doping atoms. 
 
Keywords: Co-base superalloys; First principles calculations; Electronic structure; 
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于航空发动机开发中[2, 7]。半个多世纪以来，航空发动机用 Ni 基高温材料的承





Co 和 Ni 元素在周期表中为邻近元素，化学属性非常相似，在高温下均具
有面心立方体结构[16, 17]。另一方面 Co比 Ni具备更好的抗腐蚀性能和热疲劳性





发展受到了极大限制[8, 20]。2006年，日本学者 Sato和 Ishida等人[23]首次在 Co-
Al-W 体系中发现了 γ’-Co3(Al,W)析出相。这种与基体保持完全共格的 γ’-
Co3(Al,W)析出相与 Ni 基高温合金中的 γ’-Ni3Al 相十分类似，在合金的高温性
能表现中扮演着至关重要的角色。γ’-Co3(Al,W)相的存在使 Co 基合金的固溶温
度上限高出商业 Ni基高温合金近 50~150 oC；同时极大地强化了 Co基合金的高
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